The purpose of manufacturing is to realize the requirement of customer. In manufacturing process of cloud system, there exist a lot of resource services which have similar functional characteristics to realize the requirement. It makes the manufacturing process more diverse. To develop the quality and reduce cost, a resource configuration model on cloud-manufacturing platform is put forward in this paper. According to the generalized six-point location principle, a growth design from the requirement of customers to entities with geometric constraints is proposed. By the requirement growing up to product, a configuration process is used to match the entities with the instances which the resources in the database could supply. Different from most existing studies, this paper studies the tolerance design with multiple candidate resource suppliers on cloud manufacturing to make the market play a two-level game considering the benefit of customers and the profit of resources to give an optimal result. A numerical case study is used to illustrate the proposed model and configuration process. The performance and advantage of the proposed method are discussed at the end.
Introduction
Since the term cyber-physical systems (CPS) was coined in the USA in 2006 [1] , the concept of cyber-physical system has had great influences on the revolution and development of the manufacturing industry which has taken a chance to bridge the cyber-world of computing and communications with the physical world [2] . Cyber-physical systems are integrations of computation and physical processes. Embedded computers and networks monitor and control the physical processes, usually with feedback loops where physical processes are affected. As the concept of cloud manufacturing was put forward in 2010, cloud manufacturing implies an integrated cyber-physical system that can provide on-demand manufacturing services, digitally and physically, at the best utilization of manufacturing resources [3] . Cloud manufacturing, called CMfg for short below, focuses on the good service as well as high efficiency and low energy consumption [4, 5] . CMfg is a new service-oriented grid manufacturing mode with the integration of cloud-computing [6] and Internet of Things (IOT) [7] to make the manufacturing resource virtualized with service-oriented tendency. There are many attempts in the manufacturing areas to take advantage of the Internet technology in the recent years. Typical examples are computer-integrated manufacturing (CIM), agile manufacturing (AM) [8] , networked manufacturing (NM) [9] , virtual manufacturing (VM) [10] , global manufacturing [11] , application service provider (ASP), collaborative manufacturing network, lean manufacturing [12] , digital manufacturing [13] , industrial product-service system (IPS 2 ) [14] , manufacturing grid (MGrid) [15] , and so on. Although the networked manufacturing, application service provider (ASP), and manufacturing grid have the same problem of how to select the optimal resources chain, there are differences among them. The networked manufacturing is a self-contained system with certain resources and fixed-function solution, which is static and lacks intelligent strategies. So the resources in the chain of networked manufacturing are static and fixed up. ASP focuses on the rental mode of teleservice [16] but lacks intelligent strategies and data security. Manufacturing grid is integration of distributed manufacturing resources with data mining and optimal allocation [17] . The manufacturing mode only takes 2 Mathematical Problems in Engineering the profit of customer into account. Cloud manufacturing concerns not only the integration of distributed resources, but also the distributed service of concentrated resources. CMfg could dispatch and schedule the resources and manufacturing requirement considering the benefit in both sides service suppliers and service demanders, of which the model and algorithm would be discussed in the rest of this paper.
A services encapsulation and virtualization access technique [18] for manufacturing machine provides the real-time, accurate, value-added, and useful manufacturing information, which satisfies the new requirement of CMfg. Virtual resource pool, the so-called manufacturing cloud, organizes the resource to provide service on demand. Users could dynamically add or detract a resource anytime and anywhere according to their requirements. Currently most research focuses on the comparison between CMfg and the existing manufacturing [19] , semantic modeling [20] , concept and framework building [21] , net modeling of manufacturing enterprises [22, 23] , resource selection strategy [24, 25] , integration of relevant technology [26, 27] , knowledge management of manufacturing resources [28] , and so on.
A product configuration process is used for reference to describe the whole life cycle of manufacture-product in this paper. Usually, configurable products are assembled from predefined, parameterizable, and interconnectable components where the set of legal parameter constellations and component connections is bound by a set of technical or marketing related constraints [29] . It is a solution to realize the customized mass production at a reasonable cost [30] . By configuring the structure and allocating the resources in the design stage, it is a new breakthrough to take full advantage of the CMfg platform to realize manufacturing automation on the Internet. The knowledge of configuration is the key solution to the organization and management which could have a substantial influence on efficiency and accuracy of cloud platform [31, 32] . Configuration on rules [33] , on instances [34] , on constraints [35] , on ontology [36] , and so on is the existing expression of the configuration knowledge in the recent years. Over the last decades, several techniques from the field of artificial intelligence have therefore been applied to product configuration problems, starting with early 1980s rule-based techniques, over logic-based and resource-based approaches to more recent constraint-based solutions and preference programming. Most of the existing approaches have the assumption that there is a simple knowledge base so that the configuration systems are the central elements in any mass-customization strategy. However, the decentralized manufacturing mode on the CMfg platform integrates a wealth of knowledge as well as advanced interfirm modularity [37] and multimarket calls for a more advanced product configuration process.
Similarly, also new challenges arise for the product configuration on the CMfg platform. The disperse resource makes the assembly more sensitive to the requirements of the customers. The purpose of precision as well as efficiency and acceptable price raises the demand for advanced solution of tolerance design. Reusing the concept of product configuration by module design is not enough for the CMfg; it is necessary to expand the function by taking the resource and the benefit of suppliers into account. After Narahari et al. [38] set up the function-assembly-behavior model, many researchers studied the function-structure mapping relationship [39] . To avoid waste and conflict of resource in the subsequent manufacturing process in the scenario of CMfg, the factor of resource chain needs more attention.
According to the characteristic of the CMfg and product configuration, modeling the configuration process from customer's requirements to the assembly of the product and optimizing the resource chain result based on the constraint of tolerance are what we discuss in this paper.
In Section 2, CMfg resource configuration framework and some definitions are given; a CMfg configuration model based on structure growth design and tolerance design using game theory is put forward in Section 3; in Section 4, a simulation example is presented to illustrate the whole process of the configuration discussed in this paper.
CMfg Resource Configuration Model
CMfg resource configuration model is to build a relationship among the requirements of the customers, the structures of products, and the resources of the service suppliers. By bridging the communication gap from the requirement to the market, the CMfg platform could realize the aim of TQCSEFK (i.e., fastest time to market, highest quality, lowest cost, best service, cleanest environment, greatest flexibility, and high knowledge) for manufacturing enterprise.
It is assumed that configuration requirements of resource demander and a set of resources on cloud as well as the optimizing standards are given; the target is to obtain a configuration result under these conditions (the result is a subset of resources which could be null).
At the same time, the process must satisfy some limiting conditions: the model does not produce any new resources; the geometric constraints are fixed; the results are not only the resource chain but also the space-time or other constraints between them.
The process of configuration on CMfg based on the growth design and game theory is shown in Figure 1 .
In the first part of the configuration process, the requirements of the customers would be materialized by transferring the function to the functional surface. The initial surface grows up into an entity or a specific component which could undertake a certain function and some necessary tolerance or local dimension chain must be attached. After several modules fulfilling all the requirements of the customer, the product has been created to the different possibilities. Different choice of entity gives the design stage different direction to create the required product. The functional surfaces, the components, the module, or the whole product could be called configuration units. The process from the requirement to the entity is called the growth design process.
In the second part, while creating the surfaces, entities, modules, or products, the geometric constraints are attached to geometries. After the information extraction of the instances from the resource database in the third part, the geometries have been matched in the database. In the matching process, if any condition could not be satisfied, innovative design or deformation design should be invoked by calling design service as soft resource.
In the fourth part, the resource information gives the reference to optimize the structure according to the cost and quality in the tolerance design stage. The tolerance design in this paper is modeled as a two-level game considering the profit of customers and resource suppliers. The game theory makes the market optimize itself to maximize the welfare of both sides.
When reusing the instant, invoking a component family is more efficient than invoking every single component. The concept of customized product and component family are important when discussing the configuration process in the rest of this paper.
Component family is a set of components which has the following characteristics:
(i) It has the same market positioning.
(ii) It satisfies the same requirements.
(iii) It has a similar construction.
(iv) It has a similar function.
(v) It has the same external interface.
(vi) It could be assembled to a product according to parameter given by the platform.
(vii) It could describe the geometrical and functional relationship with the other parts.
There are three key issues in the configuration process of CMfg: building the relationship from the requirements of customer to the structures, attaching the candidate resources according to the structures, and selecting the optimal structure and resource to maximize the interests of both customers and service suppliers. These three issues would be discussed in Section 3.
CMfg Resource Configuration Process

The Growth Design in CMfg Scenario.
How to organize the manufacturing resource is a pivotal problem in the research of CMfg platform. A growth design based on function-construction-resource is proposed in this section to solve the resource organization. The process of growth design is shown in Figure 2 (a) [40] . A set of functional surfaces are materialized from the requirements given by the customers and then the surfaces grow up into certain executive components which could carry out a task. According to the six-point location principle, when forming a surface, the six degrees of freedom should be fixed up to locate the surface in space. The generalized six-point location principle assumes that every component of the product must be located in the four dimensions by eliminating twelve degrees of freedom.
That is, three pairs of translational degrees and three pairs of rotational degrees are eliminated by giving the static position or every position in the trajectory. As for a product, not all of the components are static. The kinematic pair would be regarded as the generalized location while determinate movement traits are generalized location as the location of surface or component is dynamically explicit. The concept of location is expanded by determined movement trajectories. According to different function, there are four kinds of components in the product: executive components, driving components, transmission components, and structural components. This classification gives references when the surfaces grow up to entity. According to the existing study of directed graph, gray circles represent locating surfaces of features while white circles represent located surfaces. One big circle stands for a component. Every directive arc carries out some attributive information of the two surfaces in the assembly and is a node which labels the constraint requirements. The directed graph would be ameliorated in this paper so that assembly directional graph is layered according to the function patterns of growth design. The relationship is shown in Figure 2(b) , where the dashed line presents the function requirements and the biggest circle contains the components from the same function pattern. It is a simplified structure graph only carrying out one simple functional requirement. As we know, Brep decomposes an entity into different surfaces while the instantiation is the inverse process.
In the growing up process, some constraints are introduced in this prototype as some features are restrained by the location principle. In the constraints propagation, when a surface has been selected, it is necessary to judge whether it has a requirement of precision. If the surface has the requirement, a new surface which could provide a datum or a TTRS is acquired. Search the inherited surface and continue the analysis until the surface is the final datum or the surface of pedestal. After forming a string of function surfaces and restraining the relationships between them, the surfaces grow up to some components. These relationships form the initial constraints or global constraints. To express the function requirements, the global tolerance chains are fixed and tolerances could be allocated according to the global constraints.
Using oriented graph in Figure 3 , some global or fundamental constraints are introduced in the construct. Because
Start
Whether the surface has requirement of precision A locating surface or a datum is acquired and the tolerance is as a closed link Analyze the inherited surface, the dimension of the analyzed surface, and the inherited surface stored as composition loop
End
The surface is the final datum or it is a surface of pedestal of the initial constraints and constructions, instances which match up with the prototype are picked up by searching the database on CM platform, and the node of constraints would provide the basic information while searching the geometric constraint net. 
In this equation, title is the encoding when the component came out of the factory on the CM platform and is the unique identifier; the instance is described by description in a textualized way. It is executive information of the instance which could increase searching efficiency; CSP is the constraint including variables, values, and constraints.
Information of Configuration Unit.
The expression of configuration unit is shown in
id is the unique identifier of the configuration unit; sel is the selectivity of this unit. When sel = 0, this unit could be selected while sel = 1 means this unit must be selected; type is the type of this unit. When type = 0, this unit could be manufactured directly; when type = 1, this unit could be manufactured with more constraints in the following configuration; when type = 2, this unit could not be manufactured directly and needs to be innovated. Attr Name is the name of one attribute in this unit. There are two kinds of attributes: inner attribute is related to the material or geometric relationship inside the component while external attribute is function-related. Data Type is the value type of attribute. In Cons is the constraint while the domain may be given by the customers or calculated by the other constraints.
Matching Rules.
In the face of abundant information or knowledge in the manufacturing cloud, many instances could be reused directly from a tiny feature to even an entire product. Satisfying every configuration unit is not the final purpose and even one configuration could match up with a large number of instances, or in other words many resources are attached to the unit as candidates.
Step 1. Input the formalized information of customers' requirements; detect the functional surfaces and original constraints; make these structures grow up and match the instances in the database of cloud manufacturing; pick up the instances to constitute the subset.
Step 2. Check through every configuration unit from every functional surface to ensure the availability: if sel = 1, the unit is one node of product; if sel = 0, go to Step 3.
Step 3. Judge whether there is a constraint of requirements based on global constraint; if there is, the unit needs instantiation; otherwise, assign a default value.
Step 4. Merge the possible resources with the growing up of construction.
Step 5. Search the subset which is selected by the primary election to pick up all the possible resources.
Step 6. Work through all the surfaces from the functional surfaces to driving link/stationary part to complete the process.
The Tolerance Design Based on Game Theory in CMfg
Scenario. In the existing methods of tolerance design, the manufacturing scenario is given as a prerequisite while the information of manufacturing resources on CMfg platform is dynamic. In the model of Section 2, several configuration units and the subsets of candidate resources which could meet the requirement of the corresponding configuration unit are given as a result. Different resources combinations give different strategies of manufacturing process, which leads to a complicated scenario. It is difficult to compute all the possible tolerance strategies in this specific circumstance.
In the existing distributed configuration problems solving algorithms, the solution architecture is based on having a centralized main configuration. But since an abundance of knowledge is involved in CMfg, a centralized main configuration might not deal with all the constraints in distributed resources. According to function requirements from the customers and the requirements from profit of the resource suppliers, the game of quality and cost could lead to an equilibrium so that the customers and resource suppliers would not change their choice or strategy. Making the market play a game itself to reach the equilibrium to give an optimal solution of manufacturing design is an intelligent breakthrough in the CMfg area.
After the process in Sections 3.1 and 3.2, several candidate resources are given by the matching result and some constraints are fixed up. But a number of tolerances still need to be allocated. It is assumed that the configuration unit has a tolerance demand and all the units in one game cooperate with each other to satisfy an assembly precision. The price which a certain supplier submits changes with the tolerance demand. The suppliers broadcast information of manufacturing capability and price to the demanders, and every configuration sends the demand of tolerance to the suppliers. Let ‡ = {1, 2, 3, . . . , } denote the set of the resource suppliers andˆ= {1, 2, 3, . . . , } denote the set of the configuration units. We propose a scenario with multiple resource suppliers and multiple configuration units and formulate the tolerance design problem as a twolevel game, that is, an evolutionary game for the configuration units and a noncooperative game for the resource suppliers. Figure 4 shows the system architecture with multiple resource suppliers and multiple configuration units. 
Let ( ) denote the price of the service which decreases with the value of . Then the welfare function is given by
The Evolutionary Game Model of Configuration Units.
The utility function quantifies the utility that unit receives when it purchases the manufacturing service. It coincides with our common sense that the utility is the quality. Without loss of generality, this paper adopts the quadratic utility function as
If a unit selects a supplier as the resource provider, it has to pay when consuming service. The payoff function can be described as
In an assembly, each composed link tolerance should satisfy the constraints in
Interaction between Resource Supplier and Configuration
Unit. For the configuration unit, the main purpose is to purchase a manufacturing service with higher precision at a lower price to achieve higher welfare. On the other hand, from the perspective of the supplier, they aim at selling service at a higher price to achieve higher welfare. Therefore, appropriate strategies should be designed for both suppliers' side and customers' side to maintain the balance between supply and demand.
To characterize the selection process, the configuration unit possesses the following behaviors:
(i) Each configuration unit has to choose one candidate resource to purchase manufacturing service.
(ii) Each configuration unit can gradually adjust its strategy on the selection of candidate resource.
(iii) Each configuration unit behaves independently.
The interaction between the evolutionary game and the noncooperative game is shown in Figure 5 .
Analysis of Two-Level Game Theory.
It is necessary to prove that the equilibrium point exists in the tolerance game we proposed. Let denote the probability of a CU choosing resource , where 0 ≤ ≤ 1. The equation ∑ =1 = 1 would be held in every point of the evolution process.
The net payoff of the whole product is defined as the accumulated payoff when all the CUs choose RS , which is shown in
The replicator dynamics which depicts the selection of the population is shown in
where
Let the vector * = [ * 1 , * 2 , . . . , * , . . . , * ] present condition in the evolutionary equilibrium point. According to Lyapunov method, the replicator dynamics could be structured.
One iteration of evolution for a configuration unit
One iteration for a candidate resource Time Figure 5 : Interaction between the evolutionary game and the noncooperative game.
Lemma 1. Assume that there exists a scalar function of the state x, with continuous first-order derivatives such that
Then the equilibrium at the origin is globally asymptotically stable.
Define the tracking error function = * − and the Lyapunov function ( ) = ( /2) 2 . Since ( ) ≥ 0, the Lyapunov function is positive definite.
The time derivative of ( ) iṡ
The net payoff of the resource would not increase with respect to . We take the resource which has the lowest net payoff into account. Obviously, the inequations
could be satisfied. Apparently, the time derivative of ( ) is negative definite. The dynamics of CU choosing resource will converge to the equilibrium. This process is analogous to the other choice. It is proved that the dynamics system is stable.
In the cooperative game of suppliers, the players are the resource suppliers, of which the strategies are price and precision. The same as with the evolutionary game, the equilibrium needs the proof of existence. According to the literature [41] , the cost-tolerance curve is concave as shown in Figure 6 .
Lemma 3. A function ( ) is concave over a convex set if and only if the function − ( ) is a convex function over the set.
is comprised of two parts. Consider ( ) = 0, so that the concavity of depends on the concavity of − ( ). According to Lemma 3, − ( ) is strict concave, so that is strict concave.
In addition, there are resource suppliers involved in the game and the strategy sets of players are closed, bounded, and convex. According to Lemma 2, there exist Nash equilibriums in the game.
According to the game theory, the tolerance design could be carried out by the equilibrium.
Case Study
A simple assembly is used to illustrate the proposed process. The compression ratio of engine's cylinder should be kept constant at a certain value due to the deviation caused by manufacturing and assembly errors. For this purpose, the function surface is to ensure the space in the cylinder when it is used to compress the air. As the clearance affects the compression ratio directly, the clearance as closing link is 0.27 mm when surface A arrived at the upper dead point shown in Figure 7 . So the structure grows up in the progress shown in Figure 8 .
(1) The function requirement is shown in Figure 5 ; surface A went up and down to inhale and compress with the volume changing of the space with B. (2) Surface A grows up into a piston which has a route to change the volume. (3) As the piston is a moving part, a transmission would be put into the structure which fastens the piston down in one end of the transmission and connects the motive part in the other end. (4) The motive part must be fastened in the same system to make sure the route is correct, so that there would be a fastened point in the box body which is the static structure. (5) Surface B must provide a sealed space with the box body so that a cabinet and an end-cover would be produced as a result. (6) The graph shows the whole structure in the upper dead point and down dead point.
The model is figured out by these instances without any dimensions and tolerances except the closing link is 0.27 mm. Five sets of instances were picked up from the files collection of manufacturing resources by OPTIZ system as primary election to reduce the difficulty of the solving progress of the CSP. The results of election are only the structure and some dimension requirements shown in Figure 9 and Table 1 . In the next stage, precise election would be done by solving the CSP of the configuration unit and instances. In this illustration, Diameter of crankshaft spindle 21 2 Eccentricity between centerline of cylinder spindle and axis diameter 2 22 Diameter of cylinder spindle 22 3 Center distance between crankshaft spindle and crankshaft axle 3 41 Diameter of crankshaft axle 41 4 Eccentricity between centerline of big hole and centerline of crankshaft axle Distance between piston top surface and centerline of piston pinhole
Σ
Distance between piston top surface and cylinder top surface Σ the customers, the configuration unit from surface A is shown in the graph. There is another constraint; that is, 
But according to the theory of configuration, the constraint among attributes from different units should be avoided because this kind of constraint is so highly coupled that it is not good for the configuration process. To solve this problem, we should distinguish which of A and B is the more important functional surface to give a priority and the equation would be satisfied in the later part of the process to reduce the contradiction. On the other side, the attributes from the same unit also have the constraint with each other just like arrows in the graph; on this occasion, the sequence would follow the process of the structure growing up. After working through all the attributes of the unit (some value would be solved in the global CSP), the CMfg platform resources data pool comes out, in which every resource To show the process in a concise way, the dimensions are given directly in Table 2 .
More often than not, features from one part should be manufactured in the same resources to reduce the cost and time caused by frequent resources changing except that some specific features have to be manufactured in specific resources. And for the same purpose, the resources should be as intensive as possible so that the logistics cost could be reduced.
The possible sets in which resources could combine to finish the manufacturing task are shown below. Polychromatic sets theory is introduced to figure out the possible resources chain.
There are parts such as piston, crankshaft, connecting rod, and cylinder and there are ten features to be manufactured.
Boolean matrix of [ × ( )], [ × ( )] [ × ( )]
could be built to reveal the relationship between resources and features, tolerances and features, and tolerances and resources, and the relationship map could be concluded.
After the Boolean calculation from Tables 3-5, some possible resource chain could be given. To present the process of tolerance allocation without loss of generality, we assume that 41 and 42 need to be allocated with the candidate resources 8 and 9 , and all the other tolerances are fixed up in the configuration process. According to Figure 9 , 41 and 42 belong to the crankshaft and connecting rod, respectively. 0 = ( 1 , 2 , . . . , ) is 2 . There are two candidate resources which could satisfy the requirement of the tasks.
The cost-tolerance curves of RS8 and RS9 are shown in Figure 10 . It is obvious that RS9 is cheaper at low precision service and more expensive at high precision than RS8.
The algorithms are given as follows.
For the evolutionary game model of the configuration units which is 41 and 42 in this case, Algorithm 4 is executed.
Algorithm 4 (executed by configuration unit ∈ˆ). Consider the following.
(1) Randomly choose one resource supplier to buy service;
(2) = 1;
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For the noncooperative game model of the resources suppliers which is RS8 and RS9 in this case, Algorithm 5 is executed.
Algorithm 5 (executed by resource supplier ∈ ‡). Consider the following. where is the iteration number and 2 and 3 are the step lengths. The initial value of is the upper limit of the tolerance value range, and and are the iteration numbers.
For the resource , the strategy is price and precision. Given the parameters of quality loss and service price, the optimal result could be calculated.
Conclusion
We have studied the configuration process on CMfg platform with distributed resources and manufacturing tasks from customers. In order to realize the aim of faster time to market, higher quality, lower cost, better service, cleaner environment, greater flexibility, and higher knowledge, construction design and the resources allocation are set up in growth design. The interaction among the configuration units is formulated as an evolutionary game, while the interaction among the candidate resources is formulated as a noncooperative game. Simulation result is presented in qualitative analysis to illustrate the whole process from the requirements of the customers using growth design to the resources allocation using the tolerance constraints based on game theory.
